Purpose Ambulatory and diary methods of self-reported symptoms and well-being have received increasing interest in recent years. These methods are a valuable addition to traditional strategies for the assessment of patient-reported outcomes (PROs) in that they capture patients' recent symptom experiences repeatedly in their natural environments. In this article, we review ways that incorporating diary methods into PRO measurement can facilitate research on quality of life. Methods Several diary methods are currently available, and they include ''real-time'' (Ecological Momentary Assessment) and ''near-real-time'' (end-of-day assessments, Day Reconstruction Method) formats. We identify the key benefits of these methods for PRO research. Results (1) In validity testing, diary assessments can serve as a standard for evaluating the ecological validity and for identifying recall biases of PRO instruments with longer-term recall formats. (2) In research and clinical settings, diaries have the ability to closely capture variations and dynamic changes in quality of life that are difficult or not possible to obtain from traditional PRO assessments. (3) In test construction, repeated diary assessments can expand understanding of the measurement characteristics (e.g., reliability, dimensionality) of PROs in that parameters for differences between people can be compared with those for variation within people.
Diary methods for the assessment of self-reported behaviors and experiences have received increasing interest in recent years as evidenced by articles published in highly regarded journals [1] [2] [3] [4] [5] [6] . The family of ambulatory and diary methods encompasses ''real-time'' diaries as realized in experience sampling or Ecological Momentary Assessment (EMA) techniques, as well as ''near-real-time'' formats including end-of-day assessments and the Day Reconstruction Method (DRM). Compared to more ''traditional'' assessment formats, which typically involve global or retrospective reports, diary methods are characterized by short recall periods and (often densely) repeated sampling of behaviors and experiences in people's natural environments. These methods aim to reduce memory biases, increase the ecological validity of self-reports [7] , and provide high-resolution data that can capture the dynamic ebb and flow of people's experiences [8, 9] .
Despite the burgeoning interest in diary assessments in many areas relevant to quality-of-life research, including psychopathology [10] [11] [12] , emotional well-being [5, 13, 14] , life span development [15, 16] , and behavioral medicine [17] [18] [19] , attention to the potential benefits of diary techniques in the area of patient-reported outcome (PRO) measurement has been limited. It is therefore timely to review how incorporating diary methods into the repertoire of PRO assessments can facilitate research on quality of life. To set the stage, we start by discussing the role of recall processes in patient self-reports and provide an overview of different diary techniques for PRO assessment. We then review the utility of diary assessments for evaluating the ecological validity and potential recall biases of ''traditional'' retrospective PROs. Next, the usefulness of diaries for measuring temporal dynamics of quality of life is discussed, and we review strategies for developing PROs based on temporal patterns of experience. Finally, we highlight how densely repeated assessments with diaries can be used to expand testing of the measurement characteristics (e.g., reliability, dimensionality) of PROs from cross-sectional differences between individuals to variations and changes within individuals.
Diary methods in PRO measurement: rationale and options
How people access information from memory when completing self-reports is central to the rationale for employing diary methods. Research in cognitive psychology distinguishes between semantic and episodic memory as two mental processing systems involved in self-report [20] . Semantic memory represents conceptual knowledge that is not bound to specific contexts or episodes, including one's judgements and beliefs about oneself. Episodic memory, on the other hand, represents information of one's actual subjective experiences at particular times and situational contexts [20] . This distinction can be mapped onto the most common PROs (see also Stull et al. [21] for a discussion of optimal reporting periods of PROs).
By design, some types of PRO measures tap semantic memory directly, such as measures of knowledge about chronic illness self-care regimens [22] or measures of health values and health preferences [23] . Other PROs discourage the use of episodic memory by asking respondents how they feel ''in general.'' Examples are the ''global health'' item from the 36-item Short-Form Health Survey or the Patient-Reported Outcomes Measurement Information System (PROMIS Ò ) global items (e.g., ''In general, would you say your quality of life is'' … excellent-poor) [24] . Since no reporting period is specified in these items, respondents presumably access semantic knowledge in their ratings [20] . Similarly, physical functioning is commonly assessed by asking people whether they think that they are able to perform certain behaviors (e.g., ''are you able to exercise for an hour'') regardless of their actual behaviors [25] ; this reporting format also likely evokes patients' semantic knowledge about their behavior and functioning. For these PROs derived from semantic memory, we see little or no advantage to diary methods, unless one is specifically interested in how the reporting context might influence such ratings [26] .
Much more common are PRO measures that ask people to report their actual behaviors and experiences over a particular time frame (e.g., the past week or the past month). The 36-item Short-Form Health Survey, for example, asks people to recall their physical and emotional symptoms during the last 4 weeks and also offers an ''acute'' 1-week recall version [27] . Items developed by PROMIS use a 7-day recall format for the majority of quality-of-life domains [28] . For retrospective reports to be accurate requires that respondents are able to access the necessary information accurately from episodic memory. However, the longer the reporting period, the less people can generally remember their actual contextual experiences and accessible memories become few and fuzzy. People may use mental shortcuts or draw on semantic knowledge in their ratings, which accentuates responses that are consistent with norms, stereotypes, and general beliefs [26, 29, 30] .
Diary methods have much to offer for these latter types of PROs by using short reporting periods to facilitate accurate recall from episodic memory. The potential benefits for PRO assessment have been recognized, for example, when PROs are used as endpoints to support drug label claims. The PRO guidance issued by the US Food and Drug Administration states that ''items with short recall periods or items that ask patients to describe their current or recent state are usually preferable'' [31, p. 14], and diary methods have been used in many symptom domains.
Characteristics of different diary assessment strategies are summarized in Table 1 . Among ambulatory diary methods, EMA has often been regarded a ''gold standard'' for measuring patients' symptom experiences [9] . EMA has people describe their symptoms, thoughts, feelings, and/or behaviors as they are happening in real time (or close to real time), such that ratings are generated by respondents immediately as they access information from working memory. Early procedures collected momentary data using paper-and-pencil surveys sometimes combined with audible pagers [32] , but advances in mobile and computer technology make more sophisticated options readily available, with EMA being implemented on electronic diaries and smartphones [32, 33] . Combined with advances in sensor technology, this also provides increasing options for linking momentary PRO data with ambulatory measures of physiology (e.g., heart rate), physical activity (e.g., actigraphy), and geographical location [33, 34] .
Despite the advantages of EMA, it carries a cost for researcher and patient in that it is relatively expensive and involves significant time and burden for participants, which can impact the representativeness of those who are willing to participate in EMA studies and the moments that are captured with EMA [7, 21, 35] . End-of-day diaries, in which patients report their symptoms on a daily basis, often represent a viable alternative where EMA is not feasible or not desirable (e.g., when respondents are not able to respond to momentary prompting) [36] [37] [38] . End-of-day ratings require some degree of retrospection (typically, a 24-h recall period is used). However, the amount of memory bias in end-of-day recall appears to be limited, at least for some symptoms. A recent study demonstrates this point: Broderick et al. [35] found near-perfect correspondence between 1 week of EMA ratings and the average of seven end-of-day ratings for symptoms of pain and fatigue.
Some research questions require the detail afforded by EMA and cannot be answered with end-of-day diaries, such as changes in PROs in response to specific social contexts and behaviors during the day (e.g., pain contingent upon activity) [9, 39] . On the other hand, certain types of PROs would be intrusive to measure with EMA (e.g., measures of sleep disturbance) or require inferences about the impact of symptoms on people's lives (e.g., pain interference); such PROs are more easily assessed with daily diaries [36, 40] . Importantly, end-of-day diaries are considerably less burdensome than EMA and offer the prospect of monitoring individuals for extended periods of time (up to many months).
The DRM offers yet another alternative to real-time momentary assessment [6, 13] . This method has participants create a diary consisting of a sequence of yesterday's episodes, as is done in time-use studies. Revisiting the episodes of the previous day is intended to facilitate retrieval of contextual information from episodic memory [6] . Respondents then describe the episodes in terms of activities and social contexts and rate their feelings during each episode. Increasing evidence suggests that DRM ratings replicate intraday patterns of affect obtained with experience sampling methods [6, 13] and can be used to study relationships between affect and physiological processes like ambulatory heart rate [2, 41] and salivary cortisol [42] . The DRM can be administered with a questionnaire, over the Internet, or via an interview, making it attractive for addressing population-level research questions with relatively large samples [6, 43] . To date, the DRM has not found widespread attention in PRO research, possibly because it has originally been developed to investigate relationships between time use and emotions in general population samples. However, in theory, the principles underlying the DRM can be applied to the assessment of various PROs in large patient samples, including physical symptoms (e.g., pain, fatigue, chronic obstructive pulmonary disease symptoms) or chronic illness selfmanagement behaviors (e.g., adherence to regimens across different contexts of the day). The full potential of the method for quality-of-life research remains to be explored. A drawback of the DRM is that reconstructing all episodes of the day is time intensive for participants, which makes it less feasible for applications that require PRO assessments to be brief (e.g., in clinical settings), and for consecutive assessment across many days (although shorter versions adapted from the DRM could potentially increase flexibility of administration [44] ).
Use of diaries for evaluating ecological validity and recall biases of PROs
It goes without saying that having valid PRO measures is essential for effective clinical research and practice. An often overlooked and unappreciated type of validity is ecological validity, and it indicates the degree to which [7, 45, 46] . To date, several compelling findings have resulted from research on ecological validity. Studies comparing recall ratings with aggregated diary ratings over the same reporting period have usually found that symptoms tend to be recalled at higher levels relative to momentary and endof-day ratings, a phenomenon sometimes referred to as the ''experience memory gap'' [47] . This effect appears to be robust especially for physical symptoms and negative affective experiences, which are generally rated as more intense, more frequent, and longer lasting in recall [38, 40, [48] [49] [50] [51] . The magnitude of this ''gap'' between retrospective and diary ratings has been found to be similar for relatively shorter (7-day) and longer (30-day) reporting periods [36, 45] . Frequency of behaviors also tends to be overestimated in recall [52, 53] , although some studies on alcohol use found the opposite pattern of lower frequencies in recall [54, 55] .
Apart from comparisons of mean symptom levels, studies have examined the agreement between recall ratings and diary ratings in correlational analyses with inconsistent results. While some studies have found reasonably high correspondence between aggregated momentary or daily assessments and recall ratings of a week or more [36, 38, [56] [57] [58] , others suggest moderate to low correspondence for recall periods beyond 1 day [45, 46, 53] . A difficulty associated with tests of agreement between diaries and longer-term recall is that the magnitude of correlations required to judge the scores as sufficiently equivalent is not clear and may differ depending upon the research question [59] . For example, an intraclass correlation of .80 may be considered adequate for research purposes that involve comparisons between clinical groups, but may be insufficient in clinical settings where treatment decisions need to be based on precise data for individual patients.
A likely reason for the mixed results regarding the diary-recall correspondence is that the amount and direction of memory bias in recall ratings can be moderated by a variety of factors, including characteristics of the patients, measurement setting, and the nature of the symptom experiences. People tend to emphasize salient experiences and singular moments in recall, as suggested by the ''peakend'' rule, and several studies have evidenced that recall ratings are disproportionately influenced by the highest (''peak'') and final (''end'') symptom levels of the reporting period [60] [61] [62] . Recall ratings can also be impacted by the emotional state at the time of symptom experience [63] , by the amount of fluctuations or changes in experienced symptom levels [64] [65] [66] , and by the symptom intensity at the time of recall [67] . Finally, recall accuracy can be moderated by people's general beliefs and personality traits: McFarland et al. [29] demonstrated that women retrospectively overestimated their symptoms for menstrual days more strongly to the extent that this confirmed their beliefs about menstrual distress, and Feldman-Barrett [30] showed that retrospective emotion ratings were negatively biased for more neurotic individuals, whereas they were positively biased for more extraverted individuals.
An important implication of these findings is that conclusions about the degree of ecological validity may not translate from one study population, measurement context, and PRO measure to the next. As is the case for any other dimension of validity (e.g., factorial validity, convergent, and discriminant validity), ecological validity is sample, situation, and instrument dependent. So far, we have only a fragmented picture of memory bias in recall PROs, and we suggest that diary methods can provide an essential resource for more systematic ecological validity testing across different PRO domains, instruments, and patient populations.
Use of diaries for capturing processes and temporal patterns of quality-of-life experiences
Ambulatory self-report measures also have the ability to capture unique types of information about patients' symptoms and quality of life that are difficult or impossible to obtain from traditional PROs. Diary measurement, and in particular momentary assessment, typically provides high-resolution data from multiple assessments of the same construct, presenting the opportunity to study dynamic processes and how they unfold over time. Diaries have been used to closely monitor the course of symptoms following surgery [68, 69] and to examine the exact course of physical and emotional side effects during chemotherapy [37, 70, 71] . They have also been employed in the investigation of situational contingencies of behaviors and experiences, such as the effect of momentary mood on smoking and substance use [72] , emotional and physical symptom reactivity to daily stressors [73] , and the effects of sleep disturbance on next-day symptoms [74] .
Examination of diary data also makes apparent how much variability there is in patients' symptom experience. Traditional PRO measures often emphasize the stable ''trait'' aspect of people's quality of life; for example, an implicit assumption of self-report measures that ask about the ''past 7 days'' is that patients are best characterized by their average symptom level over that period. By contrast, diary studies show that there is substantial moment-tomoment and day-to-day variability in symptoms [75, 76] , and concepts that are commonly considered to be traits show surprisingly large short-term fluctuations within individuals [77, 78] . While within-subject sources of variation are often regarded statistical nuisance and random measurement error, accumulating evidence suggests that symptom variability carries valuable information and is an important construct in itself [16, 79] .
A few examples demonstrate the importance of variability. Zautra et al. [80] examined the amount of variability in daily diary reports of fatigue among patients with rheumatoid arthritis, osteoarthritis, and fibromyalgia syndrome. Compared to arthritis patients, fibromyalgia patients showed significantly more pronounced daily fluctuations in fatigue, suggesting differences in the etiologies between these chronic pain conditions. Similarly, Trull et al. [81] showed greater momentary affect variability in borderline patients compared to patients with affective disorders, consistent with the notion that emotional instability represents a core diagnostic feature of borderline disorder. Differences in variability also have predictive value: Longitudinal studies suggest that variability in cognitive performance is predictive of subsequent cognitive decline [82] and that greater variability in perceived life control predicts 5-year mortality [83] .
Another application enabled by high-resolution data is the extraction of rhythmic patterns from variability in people's diary ratings. A promising approach uses dynamical system analysis (e.g., differential equation modeling) to understand cyclic changes in intensive momentary or daily time series [79] . These models often hypothesize that symptoms or emotions oscillate around a point of homeostasis, and individuals can be described by the amplitude and frequency of oscillation and by the time it takes them to regulate their current state to their ideal set point [84, 85] . Another cyclic pattern of within-person variability is produced by diurnal patterns. It is acknowledged that almost all biological processes have some diurnal rhythm [86] , and a large-sample DRM study found different diurnal rhythms for specific affective and physical experiences [13] . Differences in diurnal pain patterns among patient subgroups have been linked to depression and somatization [87] , which may have important implications for understanding biopsychosocial mechanisms underlying patients' quality of life.
We believe there is rich potential in ambulatory diary data for the construction of outcome measures. All too often, momentary or daily reports are simply averaged to create PRO measures representing a period of time, yet there are many ways in which diary reports can be aggregated to construct alternative PROs, some of which are schematically illustrated in Fig. 1 . Different indices derived from diaries could involve the frequency of acute shifts in symptom levels, the consistency of symptoms, the proportion of symptom ratings above a certain threshold, or the percent of time without symptoms (see [88, 89] , for review and conceptualization of various PRO measures that can be derived from EMA or daily diaries). Importantly, these new measures may capture aspects of symptom experience that are more meaningful to respondents, which in turn could enhance the use of PROs in clinical trials. It is possible that many new insights may emerge from alternative outcomes created from PRO diaries that deepen our understanding of adaptive or maladaptive symptom patterns, differences between illnesses, and clinically meaningful change in symptoms.
Using diaries to evaluate PRO measurement characteristics within individuals
Contemporary PRO measurement construction has benefitted tremendously from recent developments in quantitative methodology, such as latent variable models based on confirmatory factor analysis and item response theory [90] . However, the psychometric evaluation of PRO measures still predominantly relies on cross-sectional, between-subjects designs, where data are gathered on many individuals, each of whom is measured on only one occasion. An often untested assumption is that the psychometric characteristics of a measure generalize from the level of betweenperson differences to the level of within-person change [91, 92] . As pointed out by Molenaar [92] ''only under very strict conditions … can a generalization be made from a structure of interindividual variation to the analogous structure of intraindividual variation'' (p. 201). Inappropriately inferring equality of measurement properties established for variation between people to longitudinal variation within an individual represents a form of ecological fallacy [93] . Recent psychometric advances using multilevel analysis of repeated diary assessments can help provide useful and novel insights into the psychometric characteristics of PROs in that they afford the comparison of measurement parameters obtained for between-person differences and those for within-person changes.
An appropriate PRO measure should have high reliability and minimal measurement error, but reliabilities established for cross-sectional data do not necessarily translate to those for within-person change processes. Cranford et al. [75] demonstrate an approach to assessing the reliability of within-person changes based on multiitem daily diary measures. The approach is based on generalizability theory, whereby the variance of a set of scores is partitioned into multiple effects and their interactions (person by day by item). This allows for flexible reliability Qual Life Res (2016) 25:497-506 501 estimation of a measure used either in a between-person or a within-person design. Alternatively, multilevel confirmatory factor analysis procedures can be used to directly compare common reliability coefficients (Cronbach's alpha, Donald's omega) across inter-and intraindividual levels of analysis [94] . Diary studies have found reliabilities to be lower for within-person than for between-person levels of analysis [95, 96] , which may need to be considered in designs that require measures with high sensitivity to intraindividual change. Factor analysis is commonly used to establish the underlying dimensionality of constructs measured by PRO items. Again, between-and within-person results on dimensionality can be different [91, 97] . Roesch et al. [97] examined the within-and between-person factor structure of coping with everyday life stress from daily diary data using multilevel factor analysis. While some coping factors (problem-focused coping and social support) emerged equally on both within-person and between-person levels, other factors (minimization, rumination, avoidance, distraction) were specific to the within-person or betweenperson levels but not both.
Even if the factors are the same for between-and withinperson levels of analysis, it may still be the case that certain items are not equally sensitive to between-person differences and changes across time. Using repeated diary PRO assessments, this possibility can be examined by comparing the discrimination parameters (or factor loadings) of each item across between-and within-person levels in multilevel item response theory (or confirmatory factor analysis) models [91, 98] . We previously applied this strategy to daily diary versions of PROMIS depression items and found that items taping into depressive mood (feeling ''sad,'' ''depressed,'' ''unhappy'') discriminated day-to-day changes in depressive states significantly more strongly than they discriminated depression differences between people; this was not the case for items on cognitive aspects of depression (feeling ''like a failure,'' ''nothing to look forward to'') [98] . These applications for diary PRO data may be useful for identifying constructs and items that are predominantly suitable for measuring stable or trait-like aspects of quality of life and discriminating them from items that are particularly sensitive to change and short-term fluctuations in symptoms and functioning.
Finally, a fundamental property of PRO measures is that respondents should interpret questions in a consistent manner, such that the measurement model is equivalently applicable to all people in the target population. Violations of this assumption are known as lack of measurement invariance or differential item functioning (DIF). Various techniques have been developed to examine DIF in crosssectional data [99] [100] [101] . A limitation of most of these techniques is that the group characteristics for which DIF is suspected to be relevant must be known; this typically restricts DIF testing to a limited number of variables (e.g., demographic characteristics). Using real-time diary assessments, novel perspectives for DIF testing become available that go beyond the reach of traditional crosssectional PRO assessments. For example, developments in multilevel latent variable modeling applied to diary data have made possible to estimate individual-specific Fig. 1 Schematic illustration exemplifying different ways in which repeated diary reports can be summarized to construct alternative patient-reported outcome measures discrimination parameters in item response theory models by estimating factor loadings that are allowed to vary randomly across individuals [102, 103] . In these models, variation in factor loadings captures the overall degree to which an item functions differentially across people, whereby the relevant group characteristics responsible for DIF do not need to be known. This could prove very fruitful for identifying items that are particularly prone to DIF.
As these examples illustrate, data collected repeatedly with EMA or daily diaries can address perspectives on the measurement properties of PROs that are often not possible within standard settings of PRO assessment. It should be emphasized that some of the associated statistical techniques, such as multilevel modeling extensions of latent variable models, are complex, and their implementation requires careful consideration of many details. However, these new procedures are becoming more readily available for applied research as they are incorporated in commercial statistical analysis packages, and they enable important avenues for future PRO research.
Conclusions
Diary techniques have a considerably long history in research and clinical practice, starting with written symptom records more than 50 years ago (see [104] ). Technological and methodological advances, such as EMA implemented on smartphones, end-of-day diaries collected over the Internet, or DRM assessments administered to large-scale patient samples, now allow widespread adoption of these methods. Diary methods open windows into patients' symptom and well-being experiences in their natural daily environment, capturing patients' quality of life ''as it is lived.'' They can reduce unsystematic and systematic errors from memory, provide unique insight into the processes and dynamics of symptom experience, offer new options for the development of outcome measures that capture respondents' experiences in meaningful ways, and enhance perspectives for a more comprehensive testing of measurement properties between and within individuals. Diary and traditional PRO assessment formats should not be viewed as competing options, but rather as complementing each other in PRO research and practice. Used in concert with other assessment formats, ambulatory and diary methods have the potential to enrich the repertoire of PRO assessment tools and to facilitate a comprehensive perspective on the measurement of quality of life.
